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ABSTRACT

Head centrel was compared with manual contrel in a pursuit tracking
task invelving proporticnal centrclled-element dynamics. Anintegrated

centrel/display system was used to explore tracking effectiveness in

herizental and vertical axes tracked singly and concurrently. Cempared
withmanual tracking, head tracking resulted in a50% greater rms errcr
scere, lower pilet gain, greater high-frequency phase lag and greater
low-frequencyremnant. These differences were statisticallysignificant,
but differences between herizental- and vertical-axis tracking and between
1- and 2-axis tracking were generally small and nct highly significant.
Manual tracking results werematched withtheoptimal centrel model using
pilct-related parameters typical of those found inprevicus manual centrol
studies, Head tracking performance was predicted with gced accuracy using
the manual tracking medel plus amecdel for head/neck response dynamics
cbtained frem the literature,

Objectives

An extensive research programis underway in the Air Force te develop
predictive medels for pilet control behavier for use in the designef
advanced aircraft and ground~based flight simulators. Suchmecdels must be
applicable to avarietyof task envircnments, including (a)steady-state and
non-steady-state centrecl problems, (b) cockpit instruments and
extra-ceckpit visual scenes, and (¢) munual and head contrel medes. Use of
the head as a control effector {sof particular relevance to tasks, such as
airberne weapens delivery, where the cperator may be required te perform
multiple centrel tasks,

This paper summarizes the analytical work perfoermed by Bolt Beranek
and Newman Inec. (BBN) in suppertof an experimental study conducted by the
Alr Force to compare head and manual contrel performance. Additional
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details are decumented in [(1]. Model analysis was performed with the
cptimal contrel medel (OCM) of the humanoperator. Thismcdel was selected
because cf itsdemenstrated predictive capabilities acress abread spectrum
of task envirenments [2]. As shown later, the model provides a consistent
treatment of the head and manual contrel resultscbtainedinthe Air Force

study.

Backgrcund

The use of the head as a centrel effecter incontinuous tracking tasks
has nct been explored to a great extent, Studiesof head tracking have
nct, in general, used the full rangeof performance assessment techniques
cften employed in studies of manual control, nor have they proposed cr
validated mathematical mcdels. Furthermore, experimental results run
counter to what we would expect on the basis of manual contrel results.,

Acempariscon of head and manual tracking is previded by Chouet and
Young in a study employing both time~ and frequency-respcn-e perfermance
measures [3]. Aset cf spatial orientaticn tasks were performed which
required the subjects to regulate the attitudeof amoving simulator cab in
the presencecf a pseudec-randem disturbance input. Rate contrclef the
cab was implemented.

Head tracking compared faverablyon the average withmanual centrel in
the pitch and yaw axes but was less effective in the recll axis. Cempared
withmanual tracking, the gain cressever frequency® fer head contrel was
the same in the yaw axis and about 20% less in the pitch axis. Integral
squared tracking errer, averaged over these twe axes, was about 16% greater
fer head tracking.

Shirachi, Monk, and Black (4] studied the head contrel effecter ina
propcrticnal-contrel pursuit tracking task. Control was perfermed singly
and jeintly intheherizontal and vertical axes. Manual contrel was net
explered, and only frequency-response measures were cbtained.

Differences between axes and between 1- and 2-axis conditions were
found, Pilet gain was substantiallygreater inthevertical axis, whereas
pilet response wasmere highly cerrelated with the tracking input in the
herizentai axis, Dual-axis tracking appeared to be mere efficient than
single-axis tracking: specifically, pilot gain and response ccherency were
greater, and phase lag was smaller, for the dual-axis task.

Anumber of the findings reported in these two studies are surprising
ir light of cther studies of human contrecller behavier, First, since the

* The gain-crecsscver frequency is the frequency at which the
cembined transfer characteristic of the cperater and centrelled
element is unity (0 dB).
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hand is lessmassive than the head, cne would expect manual centrel te be
cf wider bandwidth -- and thus more effective -- than head contrel,
Second, previcus manual contrel studies have shewn similar tracking
effectiveness in vertical and herizental axes when the contrel tasks have
been statistically identical ocn the two axes [5,6], Finally, studiescf
multi-axis manual coentrel have shown that performance ocn a given axis
either stays abcut the same cr degrades when ancther axis is tracked
cencurrently; it dces net tend te impreve., The experimental program
summarized in this paper was cconducted, in part, te resoclve these
discrepancies as well as tc develop and test a predictive medel fer head
tracking.

As an initial werking hypothesis, we adcpted amedel of head/neck
dynamics similar to that propesed by Mcrassc et al [7]), which was based con
the response cf the head te passivedisplacement. They fitted thecbserved
respense with a secend-order systemhaving a natural frequency of 9 rad/sec
and a damping ratic e¢f 0.55. They also added a 20 msec delay and a
first-crder locw-pass filter having a time constant of 0.18 sec tr reflect
additienal neurcmuscular respense mechanisms.

DESCRIPTION OF EXPERIMENT

An experimental pregram was conducted te explerethe abilityof the
human operatcr tc perform a pursuit tracking task using the head as the
centrel effecter; manual tracking with anearly isometric contrel stick was
alsc explered te provide a peint of reference. The output of the
centrelled element ("plant") was proporticnal te thecperater'scentrel
input. Plant positicn and target displacement were explicitlydisplayed te
the cperater. Tracking was performed inthreemcdes: (1) herizontal axis
cnly, withvertical errer clamped electrenically at zere; (2) vertical aris
en.y, with herizental errcr clamped at zere; and (3) combined herizontal
and vertical axes.

Half the experimental trials we:re performed with the subject
centrelling the curser by apprepriate hecd mevements, A helmet-mounted
sight was used te sense the subject's head angles as he tracked the target
and was calibrated electrically sc that cne degree cf head rotatien
prcduced cne degree ¢f curscr displacement, Anearlyiscmetriccentrel
stick was used as the manual input inthe remaining trials. Inorder te
facilitate comparisencf pilet response characteristicscbtained in the twe
centrel medes, systemgains were adjusted so that one velt of recerded
centrel input always cerresponded te 1 degreecf curseor displacement, One
centrel velt represented ene degree of head metien, or 1/8 1b centrel
ferce,

Feercing functiens were constructed frem 11 sinewaves whese amplitudes

were selected te simulate a white neise precess passed through a
secend-crdoer filter having a deuble pele at 2 rad/sec. Frequencies were
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spaced at appreximately half-cctave intervals., Horizontal-axis input
frequencies were interleaved withvertical-axis frequencies to allow fer
differentiaticn between hcrizontal-axis and vertical-axis response
characteristics during 2-axis tracking.

Eight university students served as subjects for thisexperiment.
Each subject served in all six conditicns of control mode (head ocr manual)
and target motien (herizontal only, vertical only, and 2-axis), Half the
subjects were first trained and tested with the joystick and were then
trained and tested on the head moticn system; half were trained in the
reverce manner.

Atracking sessioncensisted of three setsof four 100-sec trials, one
set with cach typeof target meticn. The first 9 seconds of each run were
censidered as "start up"” time; the remaining 91 seconds were recerded and
3coered, A l-minute rest pericd was prcvided between each trial withina
set of four trails, and a 5S-minute rest was provided between each set.
Subjects were instructed tominimize the circular error prebability (CEP)*®
and were given their CEP scores at the end ¢of each run, Order cf
presentation was counterbzlanced over subjects,

Each subject was trained until a performance asymptcte was reached,
where "asymptcte" was defined a8 an improvement of 5% cr less averaged cver
all trials in a sessicn on twe consecutive days. On the averzge, the
subjects received about 100 practice trials total. Experimental data were
taken on the day follewing the day a subject reached asymptote. Each
subject provided 24 trialsof experimental data: 2 contrcl modes, 3 target
cenditions, U replicaticons each.

EXPERIMENTAL RESULTS

The analysis prccedure follewed in numercus previcus studies was again
fellowed here, First, the time histories were analyzed to provide varicus
time- and frequency-doemain measures of tracking perforrance, Secend, these
results were averaged across subjccts and then subjected tc medel analysis
te identify (i.e., quantify) parameters relating te operator response
limitaticns. Emphasis was placed ontesting a predictive medel for head
tracking.

Primary Data Reductien

Tracking errcr and coentrel input time histeories from each experimental
trial were subjected to fast-Fourier transform (FFT) analysis to yield,

* The CEP sccre was defined as the radius of an imaginary circle
drawn arcund the target such that the curser was with‘n this
circle 50% e¢f ¢the time. for a Gaussian tracking errer
distributien, the CEP is preperticnal te rms tracking error,
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ameng cther measures, estimates of power spectra. These spectra were then
integrated to ebtainestimates ~f error and contrel variance. These same
spectra were alsoc multiplied at each FFT frequency by the square of the
frequency (in rad/sec) and again integrated tc obtain estimates of
errcr-rate and centrcl-rate variance.

RMS performance sccres, cbtained by taking the square reet of the
population mean fer each variance scere, zare presented in Figure 1,
Tracking errcer scores were nearly identical fer horizental- and
vertical-axis tracking and were little influenced by the number cf axes
tracked simultaneously. Error scores associated with head tr.:¥ _nyg,
hewever, were abcut 50% greater than manual “racking scores. Re:».t« of
paired t-tests perfecrmed on variance sccrres, reveals that heci/" .nd
differences in tracking error were statistically significant at the 0.001
level. Head/hand differences 1in other rms performance measuree were
inconsistent and generally not statistically significant.
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Horizontal/vertical differences onthecorderof 5 tc 20% were cbserved
for the remaining three performance measures, For the most part, however,
these differences (as well as t-axis/2-axisdifferences) were nct strongly
significant,

Results of the FFT analysis were used tc compute estimates of the
pilet describing function and remnant spectrum fcr 2ach experimental trial,
Two sets of measures -~ cne for each axis -- were ocbtained for 2-axis
trials. Thedescribing function was expressed in terms of amplitude ratio
("gain") and relative ghase shift, whéereas the portionof the closed-locp
control spectrumnot 1°nearly correlated withthe tracking input served as
the measure of pilot reunant.

Ampiitude ratic and phase measures were very nearly sim!lar fer the
herizental and vertical axes and for single~ and dual-axis vesks (see
Levisonet al [1)). The frequency dependencyof the remnant specurum was
virtually unchanged, but the magnitude was about 1-2 dB greater for
vertical tracking. The remnant spectrum (for a given axis) was alsec about
1-2dB greater for dual- than fer single-axis tracking. Thus, the smail
differences in tracking performance related to axisorientaticon and te
number of cencurrent axes appears to stem from differences in the
"neisiness” of the pilet's response.,

Consideradly greater differences in tracking performance were
associated with themede of tiracking. Figure 2 shows that, {n compariscen
tc manual tracking, head tracking yielded lower amplitude ratio and higher
remnant at low and mid frequencies, and larger phase shift at high
frequencies. Thesediffsrenceswerehighlysignificant[1]. As shownby
the mcdel analysis below, the differences shown in Figure 2, as well as the
head/hand differences in performance sceres discussed abcve, are
interrelated and reflect a consistent cause-and-effect relaticnship.

Model Analysis

The Optimal Contrel Model (OCM) of the human cperater was emplceyed te
previde a thecretical framewerk te account for the effectsof coentrel mede
(head cr hand) en pllet response behavior. Our cbjective was to seek a
censistent medeling philesophy that would replicate manual and head
tracking performance. Readersunfamilisrwith thismedel aredirected te
the review articl2 by Barcen and Leviscn (2], and “he citaticns 1isted
therein, for adescripticnof the medel structure and parasmeterization.

Becsuse ccatrel mede was the only experimental variable to yield
performance differences that were significant inboth the practical and
statistical sense, medel analysis wasdirected toward explaining head/hand
differences. Averasgedstacbtaoined for thesingle-axisherizontasl tracking
tasx were used te identify pilot-related mcdel pasrsmetors and te test the
predictive capadbility of the medel.
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Figure 2. Effect of Tracking Mode on Frequeucy Response
l-axis horizontal tracking.

Average of 8 subjects, 4 trials/subject

Parameters "ovr themanual contrel task were first identified using the
gradient search scheme reperted by Lancraft and Kleinman {8) and modified
by Levison [9). This scheme required thedefinitionof a scalar "matching
errcr” that consists of nermalized squarszd differences between wodel
predictions and experimental measurements, Variance scores, describing
functien ,ain, describing functien phase shift, and pilet remnant
measurements were used in cemputing this matching errecr.

Each medel-data mismatch was nermalized with respect te the
(acress-sub ject) siandard deviaticncf the experimental mean so that: (a)
asetefdimensicnless quantities would result, allowing their acecumulation
{nte ancversll scalar matching errer, and (b) each cemponent matching

errer v uld centribute te the tetal inpropertien te thereliabilityef the
data.
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This gradient search scheme identified the parameter values shown in
the first column of Table 1. These values were then "rounded off" as shown
in the secend column of Table 1 and tested against the same matching
criterion. As the resultingmatching errcr waswituin 12% of that obtained
by thec gradient search, the latter set of parameter values were used to
mcdel the head tracking data.

Amcdel for the head/neck system similar te that preposed by Morasso
et al [7] was tested against the head tracking datz obtained in this
experimental study (1-axis, herizontal task). To model this task, the
systemdynamics were augmented by a second-order filter having a natural
frequencyof 9 rad/sec and adamping ratiocf 0.55, plus a first-order lag
cf 0.18 seconds. The output of this third-crder system was considered as
the cperator's contrcl signal for purposes of predicting the pilct
describing functien and remnant spectrum.

Thismedified pilot mecdel was tested against the exparimental head
tracking data with pilot parameters adjusted as indicated in the secend
cclumn of Table 1. As shown in Figure 3, a goed match between medel and
experiment was nbtained over muctk of the measurement bandwidth.

Experimental and predicted rms performance scceres are cempared for
beth the manual and the head tracking tasks in Figure 3a. Brackets
indicate one standard deviaticn as measured acress subjects. The
"appreximate" pilet parameters shewn in Table 1 were used feor beth
~cmparisons. Because the model results for the head tracking “asks are
based on parameters identified for the manual task, plus amecdel fer head
dynamics taken from the literature, “*hese results are true predicticens.

All four rms perfermance sceres ocbtained frem the manual contrel uata
were matched to within cne standard deviaticen. Although the head-tracking
scores were predicted less accurately, all predicticns were within 12%of
the experimental mean, and rms tracking errer was predicted towithin5%.

Figure 3b shows a veryclosematch te frequency respense measurements
cbtained from the marual tracking data, Measurements at mid frequencies -~
where respense behavior iscriticalintermsof cverall systembehavior --
were predicted with uigh accuracy for the head centrel task, Predicticn
errcors were greatest for low-frequency amplitude ratic and phase shift, and
high~frequency amplitude ratic and remnant.

DISCUSSION

The parameters identified for the manual task are consistent with
values found in earlier studies using proporticnal coentrel systems (2],

* This is true fer all parameters except meotor neise/signal ratio,
wh*-~h cannct be meaningfully cempared with previous results
because of the different treatment of moter noise [1].
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Identified Values for Pilot-Related Model Parameters

Table 2

Parameter Best Fit Approximate
Value

Matching error 0.840 .937

Pq -21.0 -20

Py -19.5 -20

P, -26.0 -25

TD 0.169 0.17

TN 0.082 0.08

Pe = observation noise/signal ratio, error (dB)

Pé = observation noise/signal ratio, error rate (dB)

Pu = motor noise/signal ratio (dB)

TD = time delay (seconds)

TN = motor time constant (seconds)

Single-axis, horizontal, manual control task.
Average of 8 subjects, 4 trials/subject

The ability te predict head tracking datawith these parameter values, plus
amcdel for head/neck respense dynamics obtained frem the literature,
suggests that the cptimal centrel medel prevides a mechanism fer
generalizing the resultsof this study tec ecther tasks. Specifically, we
weuld expect this medel te be valid for tasks in which overall system
perfermance is relatively insensitive te pilet respense behavicer at
frequencies less than0.5rad/sec cr greater than 10 rad/sec. Althoughone
cculd prebably improve the mateh at the high and lewendof the measurement
bani, threcugh read justment of the pilct-related parameters, we submit that
amcremeaningful apprecach -- ene having greater predictive potential --
would be tc revise the medel for head/neck response dynamies,

The reader is cauticned against generalizing head/handdifferences cn
the basis of the performance differences cbtained in this study. In
general, head/hand differences canbe expected to depend cn the detailsef
the task envircnment, including contrclled element dynamics, external
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fercing functien characteristics, and possibly perfermance requirements.
It is these petential interactions that previde the primarymetivatien feor
mcdel develcpment.

The lackof 1-axis, 2-axisdifferences reported here are consistent
with earlier studies involving "integrated" contrels anddisplays which
emplcy (a) asingle manipulater having similar characteristics in two
dimensicns, and (b) a single error indicator thatmevesintwedimensicns
{(5]. Werethedisplaytc be ncn-integrate. such that separate display
elements indicated herizontal and vertical tracking errer, significant
1-axis, 2-axis performance differences would be expected [6].

We cannct explain thedifferences between the resultsof this study
and sceme cf the cocunterintuitive results reported in previcus studies ef
head tracking; published infermatien is inadequate te allew complete
recenstruction of the earlier studies. We cancnly point cut that care was
taken in this study te previde the subjects with knowledge of perfermance
after each practice trial, and to trainthemuntil apparent asymptetic
performance. We assume that this training proceduremctivated the subjects
te minimize their errer scores whatever the task cenditions.
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